G-quadruplexes are non-canonical secondary structures which may be formed by guanine rich sequences, both in vitro and in living cells. The number of biological functions assigned to these structural motifs has grown rapidly since the discovery of their involvement in the telomere maintenance. Knowledge of the G-quadruplexes' three-dimensional structures plays an important role in understanding of their conformational diversity, physiological functions, and in the design of novel drugs targeting the G-quadruplexes. In the last decades, structural studies have been mainly focused on the DNA G-quadruplexes. Their RNA counterparts gained an increased interest along with a still-emerging recognition of the central role of RNA in multiple cellular processes. In this review we focus on structural properties of the RNA G-quadruplexes, based on high-resolution structures available in the RCSB PDB data base and on structural models. In addition, we point out the current challenges in this field of research.
INTRODUCTION
G-quadruplex is a structural motif formed by guanosine-rich DNA and RNA molecules or nucleic acids analogues, such as LNA or PNA (Krishnan-Ghosh et al., 2004; Randazzo et al., 2004; Burge et al., 2006; Ji et al., 2011; Russo Krauss et al., 2014) . Most of the studied G-quadruplex structures are formed by a single type of the nucleic acid, however nucleic acids of a different type (e.g. DNA and RNA) may also interact to adopt a G-quadruplex fold Shrestha et al., 2014) .
The expansion of our knowledge on the G-quadruplex structures has become a priority in the last two decades in the medical, biological and chemical research for a number of reasons. Structures of this type were identified in multiple regions of various viral, prokaryotic and eukaryotic genomes (Schaffitzel et al., 2001; Cahoon & Seifert 2009; Shen et al., 2011) , as well as multiple cellular RNAs (Kumari et al., 2007; Millevoi et al., 2012; Agarwala et al., 2015) . Recently, an in vivo existence of the DNA and RNA G-quadruplexes has been unequivocally proven (Biffi et al., 2013; Biffi et al., 2014) . The observed abundance of those structural motifs and their retention over a long evolutionary period suggest their involvement in multiple biological processes.
One of the first functional studies in which the formation of an RNA G-quadruplex was coupled with a particular biological function concerned the 127-nt fragment derived from the 5′ end of the HIV gag gene (Sundquist & Heaphy 1993) . Multiple lines of evidence available to date suggest that the dimerization of the two copies of HIV-1 genomic RNA is mediated by the formation of an intermolecular G-quadruplex structure (Awang & Sen 1993; Marquet et al., 1994; Shen et al., 2011) . This dimerization process is known to influence multiple stages of the viral life cycle. Additional studies have revealed that the G-quadruplex structures are present in both, the HIV-1 genomic RNA and its DNA copy, and may therefore represent attractive targets for antiviral interventions (Metifiot et al., 2014) . In 2007 Azzalin and co-workers have demonstrated that the mammalian telomeric DNA is transcribed into long non-coding RNAs (known as TERRA RNAs) composed of tandem repeats of the UUAGGG motif (Azzalin et al., 2007) . At that time, the corresponding short DNA motif was already known to form a G-quadruplex structure (Wang & Patel 1993; Parkinson et al., 2002; Gavathiotis & Searle 2003; Zhang et al., 2005; Ambrus et al., 2006) . Thus, the discovery of TERRA RNAs gained a broad interest in the occurrence of the RNA G-quadruplex structures in living cells and their possible biological roles. Indeed, shortly after, RNAs composed of the tandem UUAGGG repeats were shown to adopt a stable G-quadruplex structure (Xu et al., 2008a; Xu et al., 2008b; Kimura et al., 2009) .
Subsequently, numerous studies have shown that the RNA G-quadruplexes are involved in various biological processes, including translation regulation, mRNA processing, transcription termination, mRNA localization, as well as alternative splicing. Most commonly, presence of a G-quadruplex structure within the transcript results in either up-or down-regulation of the gene from which it originates. Although expression of a number of genes was shown to be altered by the presence of this structural motif within the mRNA molecule, at present little is known about the mechanisms underlying these processes. The G-quadruplex structure itself may impede the movement of the pre-initiation complex or the ribosome along the mRNA molecule. Alternatively, a Gquadruplex may recruit protein factors which influence the transcript in different ways. For a detailed review of known biological roles of the RNA G-quadruplexes see (Agarwala et al., 2015) . Owing to their broad distribution and function, the RNA G-quadruplexes quickly became an interesting target for novel drug development strategies, including new antiviral, anticancer and neurological disease therapies Ji et al., 2011; Xu & Komiyama 2012; Murat et al., 2014) . For example, various small molecules have been successfully employed to regulate the translation process via trapping or disrupting of the G-quadruplex motifs found in multiple cellular mRNAs (Bugaut et al., 2010; Gomez et al., 2010; Halder et al., 2011; Faudale et al., 2012; Morris et al., 2012) . The challenge in this field is to find the ligands which will exhibit high specificity towards the RNA G-quadruplex targets with minimal or none off-target effects. Recently, an RNA G-quadruplex database, G4RNA, was created by Garant and co-workers to facilitate systematic research and comparative analyses (Garant et al., 2015) .
The fundamental structural unit of the G-quadruplex is a guanosine-tetrad (G-tetrad, Fig. 1 ). In a G-tetrad, each of the four guanine bases is a donor of two hydrogen bonds at the Watson-Crick edge and an acceptor of two hydrogen bonds at the Hoogsteen edge. Four carbonyl oxygen atoms, directed to the center of the G-tetrad, form a negatively charged central core of a G-quadruplex. In order to compensate for the negative charge and to stabilize the G-quadruplex structure, the presence of monovalent cations, in particular K + and to a lesser extent NH 4 + and Na + , is required. When the ionic radius of the cation is relatively small (e.g. in the case of Na + ), the ions can be located in the middle of a single G-tetrad and coordinate four oxygen atoms. Alternatively, the ion may be embedded between two Gtetrads and coordinate eight oxygen atoms, which is the case for some larger cations, like K + or NH 4 + . Depending on the nucleic acid strand orientation, a G-quadruplex can be described as parallel or anti-parallel (Fig. 2) . A parallel G-quadruplex is formed when all four strands are oriented in the same direction. As a consequence, all residues found in each individual G-tetrad have the same glycosidic bond conformation (anti-antianti-anti or syn-syn-syn-syn) . Antiparallel G-quadruplexes are formed when at least one DNA/RNA strand runs in an orientation opposite to the other strands. They can be further divided into two different types, depending on the number of oppositely oriented strands. The first type of antiparallel G-quadruplexes is formed when two strands run in the opposite orientation to the other two, and the G-tetrads comprise two guanosines in the syn and two in the anti conformations (syn-syn-anti-anti and syn-anti-syn-anti) . The second type of antiparallel Gquadruplex structures is known as a hybrid-type (3+1) and occurs when three strands are parallel to each other, while the fourth strand runs in the opposite direction (Fig. 2) . In the (3+1) G-quadruplex, three guanosines adopt the same, and the fourth residue exhibits an opposite conformation (syn-anti-anti-anti and anti-syn-syn-syn) .
In general, G-quadruplexes may be comprised of one strand with at least four G-rich fragments, folded to adopt an intramolecular structure. Alternatively, they may be formed by two or four separate strands. It should be emphasized that, to date, all known naturally occurring RNA G-quadruplexes are parallel stranded, with only one exception: an unusual G-quadruplex motif found in a 97-nt RNA fluorogenic aptamer named Spinach (Huang et al., 2014; Warner et al., 2014) . The strong preference of the RNA G-quadruplexes to adopt the parallel fold is a consequence of the strong propensity of the riboguanosine for the anti conformation. The partially locked conformation around the glycosidic bond is due to the steric hindrance caused by the presence of a C2′ hydroxyl group which forces the C3′-endo ribose conformation.
Within the G-quadruplex structure, the G-tetrads may be connected by loops of variable size and sequence. Based on their arrangement within the structure, three major loop types may be distinguished: (i) a double chain reversal loop (also known as a propeller) which connects the adjacent parallel strands, (ii) a diagonal loop connecting two opposite antiparallel strands, and (iii) an edgewise loop (also known as a lateral loop) which connects two adjacent antiparallel strands (Fig. 3) . All Gquadruplex structures have four grooves, whose dimensions (either narrow, medium or wide) are defined by the glycosidic conformation of the adjacent bases in the tetrad. A more detailed insight into the fundamentals of the G-quadruplex structure can be found in an excellent review by Burge and co-workers (Burge et al., 2006) .
In contrast to the functional studies, the structural studies of the RNA G-quadruplexes were performed less intensively, focusing mainly on the DNA molecules. In consequence, only 18 RNA G-quadruplex structures are currently available in the RCSB PDB database, including 12 X-ray structures and 6 NMRderived structures (Table 1) . Although knowledge on existing topologies of the DNA and RNA G-quadruplexes has been growing constantly, a recent analysis by Sket and Plavec (Sket & Plavec 2015) suggests that it is impossible to predict the G-quadruplex folding topology based solely on the oligonucleotide sequence. This is because the final fold of a given G-quadruplex depends on multiple factors, such as the number of guanosine residues in the sequence, the length and the composition of the nucleic acid sequences connecting the G-rich fragments, the syn/anti conformation around the glycosidic bonds, the presence of chemically modified nucleotides, the DNA/RNA concentration and the nature of the ions stabilizing the structure. Moreover, analysis of the already determined high resolution structures of the DNA and RNA G-quadruplexes revealed their great diversity and conformational polymorphism. For example, it was shown that the same d(AGGGTTAGGGTTAGGGTTAGGG) molecule may adopt two different G-quadruplex folds depending on the environmental conditions. Its NMR solution structure obtained in the presence of Na + ions is an antiparallel G-quadruplex with one diagonal and two lateral loops (Wang & Patel 1993) , while in the crystal, a parallel G-quadruplex structure with three propeller loops was determined in the presence of K + ions (Parkinson et al., 2002) .
METHODS FOR STUDYING A 3D G-QUADRUPLEX STRUCTURE
Many experimental methods are used for structural studies of the G-quadruplexes. Among them, NMR spectroscopy and X-ray crystallography are the only methods which enable determination of the three-dimensional structures at atomic resolution.
The unique feature of the NMR spectroscopy is a possibility of carrying out experiments under close to physiological conditions. There are, however, certain limitations of this method. The major one is a requirement for the presence of a single conformation in solution, which gives sharp and well resolved resonances. Another limitation is that the samples need to be very pure and relatively highly concentrated (preferably over 1 mM). Yet, the increased concentration may lead to aggregation of the molecules, causing further problems in the spectrum interpretation. Details concerning the peaks assignment strategy, fold determination and calculation of the G-quadruplex structures can be found in two great review articles (Webba da Silva 2007; Adrian et al., 2012) .
It should be kept in mind that even a simple 1D 1 H NMR spectrum may provide useful information on the G-quadruplex conformation in the solution. This is due to the fact that imino proton resonances of the G-tetrads appear in a characteristic spectral region: between 10-12 ppm. This spectral region, typical for Hoogsteen-type interactions, is separated from the imino region, where imino protons from the Watson-Crick base pairs resonate (13-14 ppm). Typically, the number of imino proton resonances observed in the 10-12 ppm region corresponds to the number of guanosine residues involved in the G-tetrad formation, unless the structure is symmetric. Another characteristic feature of the imino proton resonances originating from the hydrogen atoms involved in the G-tetrad formation, especially those originating from the G-tetrads hidden inside a G-quadruplex structure, is that they can be detected even if the spectra are recorded at high temperatures, sometimes over 90ºC. Some of those resonances do not exchange for deuterium when the solvent is changed from H 2 O to D 2 O and can be detected after many hours, days, or even months.
X-ray crystallography is the second method which allows to determine the 3D G-quadruplex structures with the highest resolution. X-ray crystallography has proven to be uniquely informative, since it can provide not only the three-dimensional arrangement of atoms but also information on cation binding sites and hydration patterns. The biggest challenge of this method is to obtain well diffracting single crystals. For this reason, various modifications within the G-quadruplex forming DNA/RNA molecules are often introduced, and multiple crystallization conditions are screened. High purity and homogeneity of the sample are crucial for the crystallization to be successful. Similarly to the NMR study, high concentrations of nucleic acids are required for crystallization experiments (e.g., 1 to 2 mM of single-stranded DNA/ RNA). A detailed report on the crystallization methodology for G-quadruplexes and their complexes with ligands has been provided by Campbell and co-workers (Campbell & Parkinson 2007; Campbell et al., 2012) .
SAXS and DLS are low resolution methods used to study the size and overall shape of the G-quadruplexes in solution. It was shown, using both techniques, that the 5′ guanosine monophosphate in a solution containing potassium ions tends to self-assemble into aggregates composed of stacking G-tetrad layers (Spindler et al., 2004; Mariani et al., 2009; Mariani et al., 2010) . In fact, NMR structural data can be supplemented by experimental information from SAXS, to validate the proposed structural models (Gudanis et al., 2016) .
RNA G-QUADRUPLEX STRUCTURES
The first structure of an RNA G-quadruplex at the atomic resolution was published in 1992 (Cheong and Moore 1992) . Based on the analysis of the NMR spectra recorded in the presence of 50 mM potassium ions, it was shown that four strands of r(UGGGGU) form a helical, parallel-stranded G-quadruplex (PDB ID: 1RAU). In this structure, four G-tetrads (all guanosine residues in the anti conformation) were flanked by two uridine-tetrads (U-tetrads), one on each end of the structure (Fig. 4a) . U-tetrads were formed by four uracil residues connected through a cyclic hydrogen-bond pattern, which comes from the interaction between N3H imino hydrogen atoms of one uridine and O4 carbonyl oxygen atoms of the adjacent bases (Fig. 5a ). In the r(UGGGGU) structure, the U-tetrad formed by the four 3′ uridines appeared to be very stable, its imino proton resonance (U6 N3H) were observed even at 65°C. The presence of a U-tetrad at the 5´ end has been proposed based on the observation of the additional uridine imino resonance at a temperature below 25°C that was shifted downfield in relation to a free imino proton resonance.
Additional insight into the structural diversity of the RNA G-quadruplexes emerged from the crystal structure of the same r(UGGGGU) molecules, solved at subatomic resolution (0.61 Å) for crystals grown in the presence of Sr 2+ ions (PDB ID: 1J8G) (Deng et al., 2001) . Similarly to the previously described solution structure, r(UGGGGU) in the crystalline state forms a parallel four-stranded G-quadruplex with all guanines exhibiting anti conformation, and Sr 2+ sandwiched between every G-tetrad plane. In this structure, two G-quadruplexes form 5′-5′ intertwined dimers. The dimer structure includes six G-tetrads and two U-tetrads (one at each end of the dimer, both composed of the 3′ uridines). In turn, all 5′ uridines stack out, rotate around the backbone of G2, and form G:U:G:U:G:U:G:U octad motifs ( Fig. 5b) with the neighboring G-quadruplexes (Fig. 4b) .
Recently, Fyfe and co-workers (Fyfe et al., 2015) further examined the r(UGGGGU) structure stabilized by Sr 2+ ions, using X-ray crystallography and solution SAXS analysis. The aim of this study was to elucidate factors that contribute to the high stability of the RNA G-quadruplexes, much higher than their relative DNA counterparts. It was shown that networks of water-mediated contacts within the helical grooves of RNA G-quadruplexes greatly enhance their overall stability. Comparison of atomic coordinates of the four r(UGGGGU) G-quadruplex crystal structures coming from this study (PDB IDs: 1J8G, 4RKV, 4RJ1, 4RNE) revealed a considerable conformational variability of the 3′ U-tetrad. In addition, the SAXS-derived solution structure of r(UGGGGU) was in a good agreement with the dimeric assembly observed in the crystal structure, however, differing from the conformation observed by NMR spectroscopy (Cheong & Moore 1992) . This difference was likely related to the type of coordinated cation, Sr 2+ versus K + .
The LNAs are nucleotide analogues that are locked in a C3′-endo sugar conformation by a methylene bridge between 2′-O and 4′-C atoms in the ribose, which leads to an anti conformation of the glycosidic torsion angle and reduces the overall conformational flexibility. This locked conformation resembles the conformation of RNA residues, thus it was not surprising that the l(TGGGT), in a solution containing potassium ions, folds into a Gquadruplex structure (NMR study, PDB ID: 1S9L; Randazzo et al., 2004) very similar to the one determined by Cheong and Moore for r(UGGGGU) (Cheong & Moore 1992) , as shown in Fig. 4a and c. The main difference between these two solution structures concerns the presence or absence of the terminal tetrads. In contrast to the NMR spectrum of r(UGGGGU), no thymine imino resonances were observed in the l(TGGGT) spectrum. On the other hand, the presence of the Ttetrad (Fig. 5c ) was observed in the crystal structure of l(TGGGT) G-quadruplex (Fig. 4d) . This 3′ T-tetrad is stabilized by cyclic N3H -O4 hydrogen bonds and by a perfect stacking of the bases on the six-membered rings of the preceding G-tetrad (PDB ID: 4L0A; Russo Krauss et al., 2014) . Interestingly, two such parallel Gquadruplexes interact via stacking of the two terminal 3′ T-tetrads to form an elongated dimer. By this observation, a novel, opposite polarity (tail-to-tail) arrangement was reported, as only head-to-head and head-to-tail interfaces had been shown previously in the crystal structures of G-quadruplexes (Russo Krauss et al., 2014) .
A comparative analysis of the described helical, parallel-stranded tetramolecular RNA G-quadruplexes allows to draw several conclusions on their general structural properties. Typically, in a solution containing potassium ions, G-quadruplexes of this type occur in a monomeric form, while crystallization probably enhances formation of dimers and other highly ordered arrangements. The terminal uridine residues can form U-tetrads which are always more stable when formed by 3′ uridines, than 5′ Us. In the RNA G-quadruplex crystal structure, the Utetrad plane seems quite distorted, and the four uridines are tilted. In contrast, the T-tetrad, if present in the LNA G-quadruplex structure, is very regular and perfectly stacks on the six-membered rings of the preceding G-tetrad.
Another group of RNA G-quadruplexes, extensively studied because of their great functional potential, originates from the human telomeric repeats. As mentioned before, the possibility of a G-quadruplex formation by the TERRA molecules was first demonstrated by Xu and co-workers (Xu et al., 2008b) . Based on the analysis of the NMR spectra recorded for r(UAGGGUUAGGGU), i.e. two repeats of the telomeric motif, in the pres- ence of sodium ions, the authors proposed a bimolecular, parallel stranded G-quadruplex structural model. The model was composed of three G-tetrads with two double-chain-reversal UUA loops. Almost at the same time, a high resolution NMR structure in potassium solution was published for the same TERRA molecule, r(UAGGGUUAGGGU), by Martadinata & Phan (PDB ID: 2KBP; Martadinata & Phan 2009 ). This structure showed good agreement with the previously described model (Fig. 6a) . The observed propeller-type parallelstranded RNA G-quadruplex involved all guanosine residues in the anti conformation. Two double-chain-reversal UUA loops were located at the medium-size grooves, linking two adjacent parallel strands and bridging three G-tetrad layers. The apparent similarity between the two RNA structures stays in high contrast to the results reported for human telomeric DNA sequences for which various G-quadruplex topologies were observed in the presence of potassium and sodium ions (Martadinata & Phan 2009 ). This structural conservation of the RNA Gquadruplex structures was attributed to the preference of the riboguanosine to adopt the anti conformation.
Martadinata and Phan complemented their study with structural analysis of two truncated variants of the previously described 12-nt TERRA RNA. They analyzed 10-nt r(GGGUUAGGGU) and 9-nt r(GGGUUAGGG) using gel electrophoresis, CD and NMR spectroscopy, and observed dimerization of bimolecular G-quadruplexes in both cases. Additionally, 9-nt RNA seemed to adopt some higher-order structures. These results suggested that the presence of the 5′ UA and 3′ U flanking residues prevented aggregation of the r(UAGGGUUAGGGU) G-quadruplexes (Martadinata & Phan 2009 ).
High-resolution structure of the 10-nt TERRA was determined a few years later by the same researchers (PDB ID: 2M18) (Martadinata & Phan 2013) . The solution structure in the presence of potassium ions revealed many structural details of the stacking interface and loop conformations. Two G-quadruplex units were stacked on their 5′ ends (Fig. 6b) . The stacking induced considerable loop rearrangements in comparison with the previously reported 12-nt TERRA structure. Adenine bases in each UUA loop were positioned coplanar with the 5′ G-tetrad. The N1 nitrogen atoms of two adenosines were hydrogen-bonded to 2′-OH groups of the adjacent guanosine residues forming a specific A•(G•G•G•G)•A hexad (Fig. 7a) . The presence of this hexad led to increased stacking contacts between the two G-quadruplex units and contributed to the enhanced stabilization of the stacking conformation. The same stacking interaction and loop conformation was reported in 2011 by Collie and co-workers for a unique high-resolution structure of TERRA in a complex with a small-molecule ligand (PDB ID: 3MIJ), which will be described in the next section .
One year earlier, the same group managed to solve the crystal structure of a modified variant of the previously described 12-nt TERRA sequence, r( Br UAGGGUUAGGGU) (PDB ID: 3IBK; Collie et al., 2010) . It was in good agreement with the previously described NMR structure of the unmodified RNA (Martadinata and Phan 2009). Both G-quadruplex structures are bimolecular, parallel-stranded, and possess two doublechain-reversal UUA loops. However, in the crystal structure, the two G-quadruplex units were interlocked with each other at their 5′ ends. This interaction included a formation of two stacked Br U:A: Br U:A tetrads between the two G-quadruplex units, involving the first two residues of each RNA strand ( Fig. 6c and 7b) .
It was shown that RNA composed of only one telomeric repeat, r(UAGGGU), is also capable of forming a G-quadruplex structure (Xu et al., 2010) . The detailed analysis of NMR spectra recorded in the presence of sodium and potassium ions revealed that r(UAGGGU) forms a tetramolecular, parallel-stranded G-quadruplex, which is capped and highly stabilized by a 3′ U-tetrad (Fig. 8) . In addition, presence of the adenosine residue seemed to hinder the 5′ U-tetrad formation.
Martadinata and co-workers investigated physiologically relevant long TERRA sequences (of up to 96-nt in length) and addressed a question about the arrangement of the G-quadruplex blocks along these molecules (Martadinata et al., 2011) . A molecular dynamics simulations study on an eight-repeat sequence which is long enough to form two consecutive G-quadruplex blocks connected by the UUA linker, was performed for the four possible stacking modes: head-to-head (5′-5′), tail-to-tail (3′-3′), tail-to-head (3′-5′) and headto-tail (5′-3′), as shown in Fig. 9 . Only the head-to-tail arrangement was not stable throughout the simulations, while in the head-to-head interaction, the contiguous stacking of the loop bases and loop-loop interactions between two subunits were observed. Based on these results, the authors have proposed a structural model for long human TERRA molecules, in which the G-quadruplexes are arranged in a "beadson-a-string" fashion, i.e. they can move relatively independently of each other and are constrained only by the connecting linkers (Fig. 10) .
Another distinct group of RNA sequences known to adopt a G-quadruplex fold contains the GGAGG stretches. A common feature of these structures is the presence of A•(G•G•G•G)•A hexad and formation of dimers through the hexad-hexad stacking (Liu et al., 2002; Lipay & Mihailescu 2009; Mashima et al., 2009; Medic et al., 2014; Malgowska et al., 2014) . The A•(G•G•G•G)•A hexad differs from the one formed by the 10-nt TERRA sequence described above. In this hexad, two adenosine residues interact with a canonical G-tetrad. Their N6H amino hydrogens and N7 nitrogen atoms are hydrogenbonded to guanosine N3 nitrogen atom and N2H amino hydrogen, respectively (Fig. 11) . (Lipay & Mihailescu 2009; Medic et al., 2014; Malgowska et al., 2014) . This structural model is schematically shown in Fig. 12 .
In addition, two RNA G-quadruplex structures formed by molecules comprising two GGAGG segments are available in the RSCB PDB database (PDB entries: 1MY9, 2RQJ). In both cases the structure was determined by NMR spectroscopy in the presence of potassium ions. In the first structure (Liu et al., 2002) , RNA with two GGAGG stretches joined by a UUUU segment, r(GGAGGUUUUGGAGG), folds into an intramolecular parallel G-quadruplex. Analysis revealed presence of a G-tetrad, UUUU double-chain reversal loop, and A•(G•G•G•G)•A hexad. Furthermore, two G-quadruplex units dimerize through the head-to-head stacking interactions, which occur between the interfaces of the two hexads (Fig. 13a) . A similar type of RNA dimer is formed by r(GGAGGAGGAGGA) (PDB ID: 2RQJ; Mashima et al., 2009) , suggesting that even a single nucleotide linker between the two GGAGG motifs allows the G-quadruplex structure formation (Fig. 13b) .
Another interesting class of the RNA G-quadruplexes is represented by a group of the crystal structures determined in the Sundaralingam laboratory (Pan et al., 2003; Pan et al., 2003a; Pan et al., 2003b; Pan et al., 2006a; Pan et al., 2006b) . Analysis of these structures has revealed a number of novel and unexpected features concerning the tetramolecular G-quadruplexes. In general, the overall conformation of these RNAs with comparable sequences, rUd( Br G)r(AGGU), rUd( Br G) r(UGGU), rUd( Br G)r(GUGU), d( Br U)r(GAGGU) and d( Br U)r(GIGGU) is similar. All fold into tetramolecular, parallel stranded G-quadruplexes which, with the exception of rUd( Br G)r(UGGU), dimerize in a head-to-head alignment. All of the guanosine residues form G-tetrads and all the 3′ terminal uridines form buckled U-tetrads stabilized by one cyclic N3H -O4 hydrogen bond. The 5′ terminus of these structures shows a variety of interaction patterns: stacking d( Br U) r(GAGGU), d( Br U)r(GIGGU), groove binding rUd( Br G)r(AGGU), or intercalation r(U)d( Br G) r(GUGU). In d( Br U)r(GAGGU) structure (PDB ID: 1J6S), the stacking interface involves a 5′ d( Br U)-tetrad formed by one subunit of the dimer and a G:U:G:U:G:U:G:U octad coming from the second subunit, which contributes to the in- Guanosine residues are shown in green, uridines in magenta, and adenosines in blue.
creased stacking surface between the two units (Fig. 14a) . The octad is formed by four 5′ d( Br U) that swing out of the G-quadruplex core and interact with the preceding G-tetrad by hydrogen bonding. Stacking of the symmetric G:U:G:U:G:U:G:U octad results in the co-axial packing of two G-quadruplex units (Pan et al., 2003) . In contrast, a non-co-axial packing mode within a dimer of two G-quadruplexes was observed in the crystal structure of d( Br U)r(GIGGU) (PDB ID: 2GRB; Fig. 14b ). Stacking of two asymmetric U:(G:G:G:G) pentads (Fig. 15a) , found at the 5′ ends of two G-quadruplex units, causes the displacement of two G-quadruplex axes by about 7.4 Å (Pan et al., 2006b) . The groove binding pattern of interaction of the two G-quadruplex subunits was observed in the crystal structure of rUd( Br G)r(AGGU) (PDB ID: 1MDG). In this dimeric structure, the adenine residues form two A-tetrads and further interact in the reverse Hoogsteen pairing scheme with the 5′ uridines to form two A:U:A:U:A:U:A:U octads ( Fig. 14c and 15b) . In addition to the groove binding interaction, this dimer is stabilized by intercalation of the G-tetrads immediately adjacent to the 5′ uridines (Pan et al., 2003a) . Another example of the intercalation-type interaction resulting in the dimerization process is represented by the structure of r(U)d( Br G)r(GUGU) (PDB ID: 2AWE). In this case, swapping of the 5′ U-tetrads was observed (Fig. 14d) , as well as a bulged-out conformation of the internal uridine bases (Pan et al., 2006a) . The rUd( Br G)r(UGGU) G-quadruplex (PDB ID: 1P79) was also shown to possess the bulged-out U motif ( Fig. 14e ; Pan et al., 2003b) , which indicates that substitution of purine (A, G or I) with uridine may lead to a bulged-out conformation of the pyrimidine within a G-quadruplex structure.
The potential of RNAs composed of two and four AGG, CGG or UGG trinucleotide repeats to form Gquadruplex structures is intensively studied in our laboratory (Malgowska et al., 2014; Gudanis et al., 2016) . Expansion of those trinucleotide motifs was linked with many neurological disorders. In general, we have shown that all of these molecules can fold into the G-quadruplex structures. However, in case of the CGG-repeat RNAs, the G-quadruplex formation competes with their strong tendency to form duplex and hairpin structures. We also demonstrated that in a solution containing potassium ions all oligoribonucleotides comprising two trinucleotide repeats fold preferentially into bimolecular G-quadruplexes with distinct structural motifs which are characteristic of the type of repeats.
Our recent study has shown that RNA which contains two AGG repeats, r(AGGAGGA), forms a dimer of bimolecular G-quadruplexes. The interaction between the two subunits involves stacking of two A•(G•G•G•G)•A hexads. The observed structure appears to be similar to the previously described RNA G-quadruplex containing the GGAGG stretches (Fig. 12) . All experimental data indicated that r(UGGUGGU) adopts a symmetrical tetramolecular parallel G-quadruplex structure with four G-tetrads and three U-tetrads (Fig. 5a, 16a) , the 3′ U-tetrad being the most stable. Although there is no known RNA G-quadruplex structure with an internal U-tetrad, the presence of imino resonance assigned to the internal uridine residue, which was observed even at a high temperature, indicated the formation of a stable U-tetrad accommodated in the center of the G-quadruplex. The 5′ U-tetrad was less stable and its imino proton was observed only below 25°C (Malgowska et al., 2014) .
Very interesting results were also obtained for molecules composed of two repeats of the CGG motif. In case of r(GCGGCGGC), a tetramolecular, parallel, highly symmetrical, interlocked G-quadruplex dimer was found (Fig. 16b) . It included four G-tetrads and two mixed G:C:G:C tetrads (Fig. 17a) . However, when one of the guanosine residues was replaced by the 8-bromoguanosine, r(GC( Br G)GCGGC), a totally novel, tetramolecular, antiparallel architecture of the RNA G-quadruplexes was obtained (Fig. 18) . In our study, we have provided evidence that in solution, an antiparallel RNA G-quadruplex is formed by the self-association of two duplexes via the major groove. In this G-quadruplex, two Br G3:G6: Br G3:G6 tetrads are sandwiched between mixed G:C:G:C tetrads (Fig. 17b) . The antiparallel fold is facilitated by the presence of an 8-bromoguanosine residue, which initially promotes formation of a stable Br G:G mismatch and subsequently induces the formation of Br G3:G6: Br G3:G6 tetrads (Gudanis et al., 2016) .
CHEMICAL TARGETING OF RNA G-QUADRUPLEXES
Our expanding knowledge on the functional role of the RNA G-quadruplexes in living cells raises the need for highly selective molecular tools that bind to these structures with high affinity. This is a goal of high importance especially in the field of medical research (Kerwin 2000; Le et al., 2012; Biffi et al., 2013; Biffi et al., 2014; Xiong et al., 2015) . So far, a wide range of smallmolecule ligands has been identified to exhibit selectivity for G-quadruplexes over single-or double stranded nucleic acids (Zhang et al., 2014) . Many of these small molecules comprise heterocyclic ring systems, including anthraquinones, pyridostatins, acridines, perylenes and porphyrins (Vummidi et al., 2013) , which are capable of interacting with the terminal G-tetrads of RNA G-quadruplex structures. However, most of these compounds have been discovered by targeted screening of smallmolecule libraries, rather than by rational design. This is due to a very limited availability of structural data for the G-quadruplex-ligand complexes. Moreover, the available structures are dominated by crystallographic studies of complexes in which DNA molecules were used. Only one high-resolution RNA G-quadruplex-ligand structure has been reported to date. The ligand belongs to the family of 3,6-disubstituted acridines and was shown to bind the TERRA molecules . In the crystal structure of this complex (PDB ID: 3MIJ), two ligand molecules stack side-by-side on the 5′ G-tetrad of a bimolecular, parallel-stranded G-quadruplex. Two such G-quadruplex subunits interact in a head-to-head manner, by this way sandwiching two layers of ligand molecules (Fig. 19) . Ligand binding induces a substantial reorganization of the G-quadruplex loop conformation. The adenine residues from the UUA reversal loops and the incomplete 5′ UA loops align in the 5′ G-tetrad plane and form a G:A:G:A:G:A:G:A octad. In consequence, the surface available for the π-π ligand stacking becomes markedly extended. The formation of this platform is stabilized by multiple hydrogen bonds with the 2′-OH groups of the UUA loops. The ligand itself is hydrogen-bonded to the RNA molecules. A weak hydrogen bond between the amide carbonyl group of the ligand side chain and the N3 nitrogen of the 5′ U has been determined.
In comparison to an analogous DNA complex, some significant differences occur. The DNA G-quadruplex complex with the acridine ligand (PDB ID: 3QCR) has a 1:1 stoichiometry with a single ligand molecule bound on the 5′ G-tetrad plane. In contrast, the TERRA-acridine ligand complex (PDB ID: 3MIJ) has a 2:1 stoichiometry of acridine molecule recognition. Furthermore, there are no loop-acridine contacts in the DNA complexes and no G:A:G:A:G:A:G:A octad. Most importantly, the conformational change within the TERRA loops after ligand binding suggests that rational design of ligands specific towards certain G-quadruplexes cannot be solely based on their native structures .
The structural similarity between scaffolds of the parallel DNA and RNA G-quadruplexes makes it challenging to design small molecules that provide recognition selectivity only for the RNA. However, recently it was shown that a small molecule, carboxypyridostatin (carboxyPDS) (Fig. 20a) , selectively stabilizes the RNA over the DNA G-quadruplexes (Di Antonio et al., 2012) . This unique property may allow for selective identification and visualization of the RNA G-quadruplexes in vivo. Indeed, it was shown that carboxyPDS can selectively target and trap the RNA G-quadruplexes versus DNA G-quadruplex structures within a cellular context (Biffi et al., 2014) . Other ligands, NaphthoTASQ and CyT (Fig. 20b, c) , were also proposed for detection and visualization of the RNA G-quadruplexes in vivo (Laguerre et al., 2015; Xu et al., 2015) . Although both showed a very high selectivity for G-quadruplexes compared to other structural motifs, they were not able to discriminate between the DNA and RNA G-quadruplex variants.
The RNA G-quadruplex structures appear to be involved in a much wider range of biological processes than their DNA counterparts (Eddy & Maizels 2007; Huppert et al., 2008; Millevoi et al., 2012) . Thus, it is possible that research efforts will soon focus mainly on rational design of small molecules targeting the RNA G-quadruplexes (Balasubramanian & Neidle 2009; Satyanarayana et al., 2010; Morris et al., 2012) .
CONCLUSIONS
The number of known DNA and RNA G-quadruplex structures is still very limited when compared to the large number of potential G-quadruplex-forming sequences predicted by bioinformatic analyses (Huppert & Balasubramanian 2005; Huppert et al., 2008; Huppert 2008) . This observation strongly suggests that a large number of diverse G-quadruplex topologies is still unknown, waiting to be explored. In fact, a new RNA G-quadruplex motif of unusual topology has been identified very recently in an in vitro selected RNA aptamer (known as Spinach) that binds a GFP-like ligand and activates its green fluorescence (Huang et al., 2014; Warner et al., 2014) . In this structure, a three-tetrad G-quadruplex core is composed of two G-tetrads stacked above a mixed-sequence tetrad. The tetrads are connected by five loops of various length which are composed from one up to 34-nt. The most unexpected feature of this G-quadruplex motif is its antiparallel topology that is unprecedented for RNA G-quadruplexes. We believe that multiple areas of research will greatly benefit from a growing number of high-resolution structures of the RNA G-quadruplexes. Together with better understanding of the G-quadruplex topologies they will contribute to the identification of new G-quadruplex ligands as possible drug candidates for future clinical applications.
